The mechanism of nucleation of crystals is discussed from a view point of atom clusters with the following results: (1) The nucleus size of crystals is larger than those expected up to date, which is at least larger than Φ 3 nm in metals and alloys. (2) Atomistic and electronic structures of atom clusters are very sensitive to their size, so that both the local volume free energy difference and the local surface energy of them widely change until the crystal nucleation is finished. (3) When the size approaches the nucleus size, a hybrid orbital corresponding to the final crystal structure is formed in the center region of each atom cluster. This stage corresponds to formation of the embryo, after which an additional energy is induced by the atomic misfit between the hybridized region and the matrix. (4) The additional energy is very sensitive to the thermal energy, and increases with increasing size of the hybridized region within each atom cluster. As a result, a part of the additional energy is generally relieved during nucleation of crystals. (5) Nucleation of crystals is finished when each atom cluster is fully hybridized, and the nucleus size is determined by a condition under which the total volume free energy difference is always larger than a sum of the total surface energy and the additional energy. The nucleation process is discussed on both isolated and embedded atom clusters.
Introduction
Behavior of materials is a function of their microstructures which can be controlled by crystallization process. Therefore, many studies have been carried out on the crystallization, and various mechanisms have been proposed on the crystal nucleation. [1] [2] [3] [4] In spite of these proposals, in which Becher's model has been frequently used, the mechanism of crystal nucleation can not be understood sufficiently yet.
On the other hand, recently it has been confirmed that materials anomalously change their behavior when their size becomes smaller than a critical size on the nanometer scale. The critical size is named "the magic size (d M )", and materials whose size is smaller than their d M are named "atom clusters (AC)". [5] [6] [7] [8] Atomistic structure of AC is very sensitive to their size, and some intermediate structures appear in general before the final crystal structures are formed. 9) Furthermore, it has also been made clear that the value of d M coincides with the nucleus size, 10) and that the former varies from φ 1 nm to 20 nm, which correspond to above 10 2 to 10 5 in the number of constituent atoms, reflecting differences in the bonding mode, binding strength and surrounding conditions of materials. For example, the magic size of metals and alloys is at least larger than Φ 3 nm. These sizes are quite large compared with those expected to be the nucleus size up to date, and thus a new driving energy is necessary to explain formation of such large nucleus sizes.
In the present report, the mechanism of crystal nucleation is discussed from a view point of AC.
Assumptions in the Current Theories of Crystal Nucleation
Current theories on crystal nucleation based on the following assumptions: (1) Both the specific volume free energy difference (∆ε V ) and the specific surface and/or interfacial energy (γ S ) of each ultrafine block are considered to be always kept at constant nev-erthless its size. As a result, the total free energy difference (∆E T ) always take a positive value when the size of block is smaller than the nucleus one.
(2) The number of constituent atoms neccessary for crystal nucleation is considered to be 10 2 or less. It has been shown experimentally, however, that the nucleus consists of at least more than a few thousand atoms in metals and alloys, [5] [6] [7] [8] as mentioned already. And thus, the activation energy necessary to form so-called the embryo becomes extremely large, because such a large number of atoms must be excited.
(3) The value of ∆E T is considered to take the maximum value in the embryo, and then decreases with increasing block size. Practically, however, the value of ∆E T also can decrease when the block decreases in size or is divided into small blocks. (4) Thickness of the peripheral zone, i.e., surface and/or interfacial zones, of the ultrafine block is assumed to be only monoatomic layer even at considerably high temperatures, so that the atomistic structure becomes discontinuous through the periphery of block against the surrounding matrix including vacuum. In fact, however, continuity of atomistic and electronic structures through the periphery of block is strongly supported by formation of such phenomena as selvedge, electric double layers, 11) atomic reconstruction etc. in the peripheral zone.
New Experimental Results Relating to Crystal Nucleation
Recently, various results have been obtained experimentally on nucleation of crystals, in which the followings are directly related to the mechanism of crystal nucleation.
Relation between ∆ε V and γ S in recrystallization process
The author already reported 12, 13) that the misfit angle of interfaces of a recrystallized domain in cold-worked aluminum increases with decreasing dislocation density within the do- main consisting of subgrains, and that the domain size does not change so much until nucleation of a recrystallized grain is finished. These mean that γ S is a function of ∆ε V , i.e., the former increases with increasing absolute value of the latter, and suggest that crystal nucleation is also carried out by the same process.
Determination of nucleus size of crystals
As mentioned already, anomalous change of material behavior such as spontaneous mixing, 14) amorphization of crystals etc. 5, 7) sharply occur when their size becomes smaller than the corresponding d M . The value of d M has been determined by many methods on various materials, [6] [7] [8] as shown in Table 1 in which the value of d M is a function of the bonding mode, binding strength and surrounding conditions. [5] [6] [7] [8] On the other hand, the size of crystal nuclei has also been determined experimentally by crystallization of amorphous materials. In this method, all nuclei of crystals always take a fixed value by surrounding them with guest(solute)-atoms exhausted from each of host (solvent)-AC when crystal nucleation is just finished. 10) Figure 1 shows nucleation of ZrO 2 crystals in an amorphous Al 2 O 3 -42.6 mass% ZrO 2 composite. 10) Micrographs (a) and (b)were taken after annealing at 1358 K for 0.6 ks and 1343 K for 10.8 ks respectively, in which multi-wave lattice fringes appear in crystal nuclei enclosed by circles. Here, it is noted that all nuclei in these micrographs take the same size, about Φ 5 nm, while their heat treatments are widely different.
Furthermore, the following two important evidences have been also clarified experimentally by crystalline-amorphous transition of materials: 8, 10) a) The value of d M coincides with the nucleus size of crystals. b) The value of d M is insensitive to not only the formation temperature but also formation process, because the bonding energy among atoms is considerably high, i.e., a few eV or more. 10) For example, in a case of a Ni-50 at%Ti alloy, d M of about Φ 3 nm is obtained by amorphization induced by electron irradiation at 170 K and 2 MV, which is the same as the nucleus size obtained by following annealing at 573 K. Temperature difference between these two treatments is more than 400 K, and many point defects was also induced in the former. Furthermore, the nucleus size of the primary ZrO 2 crystals in both amorphous Al 2 O 3 -30 and 42.6 mass%ZrO 2 composites does not change, while crystallization temperature in the latter is 140 K higher than the former, 10) as expected from Figs. 1(a) and (b). These facts means that the effect of entropy term, which is proportional to temperature of materials, on the nucleus size is not sensitive compared with that of enthalpy difference at least in embedded AC.
Formation of intermediate structures during nucleation
Each of AC interacts with neighboring same atoms by the van der Waals type potential at the initial stage, and the potential itself increases with increasing size of AC. 14) As a result, the atomistic structure of each of AC successively changes by increasing the number of constituent atoms, i.e., the many body potential from neighboring atoms, from a icosahedron consisting of 13-atoms to such intermediate ones as a cuboctahedral structure through the icosahedral structure unit before the final crystal structure is formed. 9) For example, isolated AC of elements In take a fcc-type structure, which corrsponds to a cuboctahedral structure, before the final structure of monoclinic one, 15) and those of most bcc-type elements also take fcc-type structures as the intermediate ones. 16) In the case of embedded AC, their atomistic structure is strongly affected by that of the crystalline matrix until the hy- brid orbital is formed in the center region. As a result, AC take an atomic arrangement like epitaxial growth onto the matrix before their own hybrid orbital is formed, so that their intermediate structure becomes similar to that of the matrix at the initial stage. And thus, the corresponding hybrid orbital is initiated at positions, where the effects of both electronic and atomistic structures of the matrix become small, such as surface, grain boundaries and various lattice defects.
Change of both ∆ε V and γ S as a function of the number of constituent atoms within atom clusters
There are two kinds of typical electronic structures of atoms; i.e., the ground state of isolated atoms and the bonding state of crystals. The latter generally consists of a hybrid orbital whose covalency is considerably large, as expected from existence of the Burgers vectors etc. 8) The former gradually changes to the latter as the number of consituent atoms increases within each of AC, 8) as schematically shown in Fig. 2 . In Fig. 2 , adjacent two energy bands of electrons of each atom gradually overlap with each other as the number of constituent atoms increases, and thus the ground state of isolated atoms gradually changes to the bonding state of crystals. In this process, the metallic orbital is first formed at point β in Fig. 2 in metallic AC by overlapping s-band with p-band, and followed by hybridization at point γ as the degree of overlapping increases. This fact means that both ∆ε V and γ S widely change as a function of the number of constituent atoms, 6, 8) i.e., the many body potential, and the value of them locally change within each of AC. Therefore, ∆ε V and γ S are better to call "the local potential energy difference" and "the local surface energy" respectively. Figure 3 (a) shows a schematic illustration of growth process of each of isolated AC in a vapor phase. [5] [6] [7] [8] Figure 3 (b) shows the size effect on relationships between the local potential energy difference (∆ε V ) and the local surface energy (γ S ) within each of AC. The value of ∆ε V gradually changes from the center to peripheral regions as a function of the many body potential, as shown in lower side of Fig. 3(b) . Here, the value of γ S is assumed to be expressed by difference of ∆ε V between adjacent atomic arrangements, as shown in upper side of Fig. 3(b) . [5] [6] [7] [8] 
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Formation of so-called "the embryo"
It is emphasized in Fig. 3 that a hybrid orbital corresponding to the final crystal structure is formed at the center region, as shown in a shaded curve in (b), when the number of constituent atoms reaches a certain value within each of AC. This stage corresponds to formation of so-called "the embryo", and energy distribution of valence electrons within each of AC is shown with range α − γ in Fig. 2 .
Furthermore, it is noted in Fig. 3 that "the transition zone" between the hybridized region and the surrounding matrix, i.e., surface and/or interfacial zone, expands from the center to periphery of each of AC even when the embryo is formed.
Distribution of ∆ε V within the transition zone is rouphly expressed by a cosine curve, and the value of γ S by the first derivative of the corresponding part of ∆ε V -curve [5] [6] [7] [8] in Fig.  3(b) . Thus, the total potential energy difference (∆E V ) always becomes the same as the total surface energy (Γ S ) in each of AC until hybridization occurs in the center region. Furthermore, γ S -curve takes the maximum value at a position corresponding to the inflection point of each ∆ε V -curve, and thus a radius at the inflection point of ∆ε V -curve, corresponding to the peak position of γ S -curve, is named "a half-value radius (r h )" of each of AC.
After the embryo is formed, the hybridized region expands toward peripheral regions as the number of constituent atoms increases. In this process, the total free energy ∆E T becomes negative if the expansion of hybridized region occurs without any additional structural change within AC, because ∆E V always becomes larger than Γ S itself which is limited within the transition zone, as recognized by comparing both of them in Fig. 3(b) .
Energy balance during crystal nucleation 4.2.1 Effects of both the hybridized region and the structural continuity through the transition zone
When the half-value radius, r h , increases further from that of the embryo, a different factor must be taken into account for both isolated and embedded AC. Namely, constituent atoms belong to dynamic zigzag atom-chains until the hybrid orbital is formed, so that they can be displaced in a wide range by an extremely weak excitation such as soft phonon. 9) Displacement of atoms, however, is limited into a narrow range when the hybrid orbital is formed because of increasing binding strength among constituent atoms, and an additional energy (hereafter, the misfit energy ( f (δ)) also results from atomic misfit (δ), including specific volume change, between the hybridized region and the matrix.
Here, there are two important effects relating with local atomisitic and electronic structures within each of AC. One is the effect of the hybridized region, which corresponds to both the center region of each of AC and the crystalline matrix, on neighboring atomic arrangement, and the other is the effect of continuity of atomisitic and electronic structures through the transition zone (hereafter, the structural continuity effect).
[A] The effect of hybridized region: This is similar to that of epitaxial deposition onto a crystalline substrate, and increases with increasing size of hybridized region within each of AC, as expected from the case of van der Waals potential. 14) When the embryo is formed, the center region of each of AC is hybridized but peripheral regions still consist of icosahedral structure units or something like them. Both regions are connected with the some intermediate structures. 9) Here, frequency of atom movement (η) per unit time can be expressed by the following equation;
where k and T are the Boltzmann constant and absolute temperature respectively. Therefore, constituent atoms in peripheral regions easily make not only rearragement but also density increment, as recognized from distribution of ∆ε V within each of AC in Fig. 3(b) .
[B] The structural continuity effect: Atomistic and electronic structures of each of AC must be smoothly connected with those of the surrounding matrix through the transition zone. The hybridized region within AC is considered to consist of atom-chains having a considerably high spring constant, which depends on the binding strength of the hybrid orbital. And thus, the transition zone is distorted elastically in order to connect with atomic arrangement of the matrix. Width (w) of the transition zone becomes a few atomic distance as same as bulk state when each of AC approaches to the fully hybridized state corresponding to range γ − δ in Fig. 2 . As a result, the misfit energy f (δ) results from both effects A and B, and rather widely expands within both each of AC and the matrix at the biginning. Therefore, in order to discuss crystal nucleation, a sum (Σ T ) of Γ S and f (δ) becomes important instead of Γ S . As mentioned already, both ∆ε V and γ S are mainly determined by the many body potential, but f (δ) results from displacement of atoms inside each local potential curve of ∆ε V . Namely, the former two energies are under thermally pseudo-equilibrium condition at every moment, but the latter is unstable.
In the case of isolated AC, the potential energy of the matrix is zero in vacuum and small in both vapor and liquid phases, and thus thier atomic misfit δ becomes larger than those of the embedded AC. This is a reason why, both Γ S and f (δ) become larger than those of the embedded AC.
Relaxation process of the misfit energy
A large amount of f (δ) concentrates into the transition zone, and thus the local value of f (δ) increases in the transition zone with decreasing its width. And then, relaxation partly occurs when displacement of each constituent atom increases more than several % of the interatomic distance inside each local potential curve of ∆ε V depending on the specimen temperature.
Isolated AC have a large value of Σ T , and relaxation of f (δ) is carried out by easy displacement of atoms within the condenced transition zone, i.e., the surface zone. One of atomic rearrangement in this case is formation of facet consisting of the close packed atomic planes on the surface. 9) This fact results from the effect of hybridized region, because the close packed atomic planes take the lowest surface energy by increasing binding strength along the close packed direction. Here, the surface tension (T ) is expressed by the following equation in which radius of AC, r h , does not change so much after w sufficiently decreases, as mentioned later;
Under the surface tention, in the case of isolated AC, many stepped structures are also formed at the top surface whose orientation deviates from the close packed plane. At the same time, other types of defects such as atomic reconstruction etc. are also frequently formed. On the other hand, in the case of embedded AC, the close packed planes are replaced with habit planes against the matrix, and some atomic reconstruction also occurs at interfaces.
These change of atomistic structures in peripheral regions also causes elastic strains like that of dislocations within each of AC, but formation of them is a sort of relaxation of f (δ). For example, in the case of embedded AC, f (δ) being proportional to δ 2 is relieved to be proportional to δ when the coherent interface changes to the incoherent one, because an incoherent interface is similar to a small angle boundary whose strain energy is porportional to the number of interfacial dislocations, i.e., proportional to δ. Formation of stepped structure, atomic reconstruction etc. also result in similar strain fields to that of interfacial dislocations, and thus their strain energy also becomes proportional to δ.
Size of atom clusters during crystal nucleation
There are experimental results 8, 10) showing the size of AC after formation of the embryo. Figure 4 is a schematic illustration showing the crystal nucleation in both an amorphous Ni-50 at%Ti alloy and amorphous Al 2 O 3 -ZrO 2 composites. In Fig. 4(a) , both solid and dotted large circles show the nucleus size of the primary crystals in these materials, and inner small circles inside them show partly hybridized regions within AC, respectively. Here, all crystal nuclei in these materials always take the same size. 10) Multi-wave lattice fringes showing periodic array of atoms fully appear in these nuclei, as shown in large circles 1 and 4, but partly appear within dot- ted large circles 2 and 3. These partly hybridized regions are considered to be intermediate stages just after formation of the embryo, because they also grow to the same nucleus size indicated with large dotted circles by further annealing in (b).
Here, it is noted in Fig. 4(a) that orientation of lattice fringes within separated solid large circles 1 and 4 are different from each other in general, but those in partly hybridized regions coincide with each other when dotted large circles 2 and 3 slightly overlap with each other. Namely, these AC indicated with dotted large circles 2 and 3 already interact to make sintering each other even when they are partly hybridized. This shows that position of these dotted large circles 2 and 3 corresponds to the outermost part of interfacial zone of partly hybridized AC, and that the size of AC does not change so much during crystal nucleation after the embryo is formed. As mentioned already, ∆E V becomes larger than Γ S itself during expansion of the hybridized region, but Σ T becomes generally larger than ∆E V when relaxation of f (δ) does not occur. For example, Σ T is larger than ∆E T in embedded AC until coherent interface changes to incoherent one. Namely, it is concluded that expansion of the hybridized region becomes possible when the following condition is satisfied by relaxation of f (δ);
Namely, the nucleus size is determined by a condition under which the absolute value of ∆E V becomes always larger than Σ T . Both rearragement and density increment of constituent atoms are easily carried out in the peripheral regions of AC, and thus relaxation of f (δ) mainly occurs within the transition zone. As a result, width of the transition zone decreases, and the surface tension operates to minimize the surface area depending on eq. (2). This is a reason why, the size of AC does not change so much during crystal nucleation after formation of the embryo, as shown experimentaly. 
Change of related energies during crystal nucleation
Based on the results mentioned already, relationships among related energies during crystal nucleation can be schematically illustrated in Fig. 5 , in which markes r * h and r * * h show half-value radii of both the embryo and the crystal nucleus respectively. In Fig. 5, curves A, B and C correspond to the total surface energy (Γ S ), the total potential energy difference (∆E V ) and the misfit energy ( f (δ)) respectively, and curve D is a sum (Σ T ) of curves A and C. Here, each of these total energy (E * T ) can be expressed by the following equation, 6) 
where, marks a − b and X are a range of integration and each individual local energy respectively. The value of a in range a − b in eq. (4) varies from a = 0, corresponding to the total potential energy difference (∆E V ), to a b ≡ r * * h , corresponding to the final stage of the total surface and/or interfacial energy. Now, the former type curve of a = 0 simply calls "a volume type" in which the value of X widely distributes within each of AC, and the latter type curve of a r * * h "a surface type" in which distribution of X is limited into a narrow region, respectively.
According to the definition of energy type, curve A is close to a volume type at the beginning, but approaches a surface type as the value of r h increases. On the other hand, curve B always takes a volume type. Furthermore, the four curves mentioned above have the following characteristics, respectively, and the crystal nucleation is considered to be carried out under the energy balance shown in Fig. 5 .
(1) The gradient of both curves A and B gradually increases with increasing the half-value radius (r h ) of each of AC, and the absolute value of ∆E V is always larger than Γ S itself after formation of the embryo, as recognized in Fig. 3(b) .
(2) Curve C starts at r * h in Fig. 5 . This curve is also close to a volume type at the beginning, and intended to approach a surface type by relieving f (δ) when the specific volume difference of atomistic structures between the hybridized region and the martix is not so large, as expected from transition from a coherent boundary to an incoherent one in embedded AC. Relaxation of f (δ) is easily carried out in isolated AC in general, because consitituent atoms in the surface zone easily migrate even at considerably low temperatures. In the case of embedded AC, however, migration of constituent atoms becomes difficult at low temperatures especially when the atomic size difference between guest-and host-atoms is large. Under such a condition, nucleation of crystals becomes difficult under a large value of f (δ), as in such cases as spinodal decomposition and formation of G.P. zones.
(3) Curve D is a sum of curves A and C, and always takes the mirror symmetry against curve B, i.e., balance the former with the latter, in Fig. 5 during crystal nucleation until each of AC is fully hybridized at r * * h . When the size of hybridized region further increases more than r * * h , i.e., d M /2, growth of crystals is very much enhanced, because the absolute value of ∆E V rapidly increases against Σ T with increasing crystal size under fixed values of both ∆ε V and γ S , which correspond to those of bulk crystals, as expected from the Becker's model. 1, 2) (4) There is another factor retarding crystal nucleation, especially in the case of embedded atom clusters, i.e., the effect of guest-atoms exhausted from AC during nucleation. Practically, however, diffusion of these guest-atoms easily occurs into the matrix at crystallization temperature, which is higher than half of the absolute melting temperature in general, and thus they do not disturbe growth of crystals after nucleation so much except the case of amorphous materials. 10) 
Summary and Conclusions
Results obtained in the present report are summarized as follows:
(1) The atomistic structure of atom clusters is a function of the electronic structure which is determined with the number of constituent atoms. As a result, both the local potential energy difference (∆ε V ) and the local surface energy (γ S ) widely change as the number of constituent atoms increases until crystal nucleation is finished, and intermediate atomistic structures are generally formed before formation of the final crystal structure.
(2) When the size of atom cluster reaches a certain value, which is very close to the nucleus size, the hybrid orbital corresponding to the final atomistic structure is formed in the center region of each atom cluster. This stage corresponds to formation of the embryo, but the transition zone between the hybridized region and the matrix still widely expands from the center to peripheral regions.
(3) After the embryo is formed, an additional energy ( f (δ)) is induced by the atomic misfit (δ) between the hybridized region and the matrix. A part of f (δ) is relieved during crystal nucleation, and results in atomic rearrangements such as formation of facet, stepped structure, selvedge, electric double layers, atomic reconstruction and interfacial dislocations. As a result, a sum (Σ T ) of the total surface energy (Γ S ) and f (δ) is always balanced with the total potential energy difference (∆E V ) until crystal nucleation is finished.
(4) The hybridized region successively expands to peripheral regions of each atom cluster as the number of constituent atoms increases. During the process, the size of atom cluster is almost fixed, and the crystal nucleation is finished when the atom cluster is fully hybridized. After that, the crystal nucleus, which is at least larger than Φ 3 nm in metals and alloys, easily grows, because the absolute value of ∆E V rapidly increases against Σ T .
